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Neocarzinostatin is an all-B protein, 113 amino acid residues long, with
an immunoglobulin-like fold. Its thermal unfolding has been studied by
small-angle X-ray scattering. Preliminary differential scanning calorimetry
and fluorescence measurements suggest that the transition is not a
simple, two-state transition. The apparent radius of gyration is deter-
mined using three different approaches, the validity of which is critically
assessed using our experimental data as well as a simple, two-state
model. Similarly, each step of data analysis is evaluated and the under-
lying assumptions plainly stated. The existence of at least one intermedi-
ate state is formally demonstrated by a singular value decomposition of
the set of scattering patterns. We assume that the pattern of the solution
before the onset of the transition is that of the native protein, and that of
the solution at the highest temperature is that of the completely unfolded
protein. Given these, actually not very restrictive, boundary constraints, a
least-squares procedure yields a scattering pattern of the intermediate
state. However, this solution is not unique: a whole class of possible sol-
utions is derived by adding to the previous linear combination of the
native and completely unfolded states. Varying the initial conditions of
the least-squares calculation leads to very similar solutions. Whatever
member of the class is considered, the conformation of this intermediate
state appears to be weakly structured, probably less than the transition
state should be according to some proposals. Finally, we tried and used
the classical model of three thermodynamically well-defined states to
account for our data. The failure of the simple thermodynamic model
suggests that there is more than the single intermediate structure
required by singular value decomposition analysis. Formally, there could
be several discrete intermediate species at equilibrium, or an ensemble of
conformations differently populated according to the temperature. In the
latter case, a third state would be a weighted average of all non native
and not completely unfolded states of the protein but, since the weights
change with temperature, no meaningful curve is likely to be derived by
a global analysis using the simple model of three thermodynamically
well-defined states.
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in the last few years. In their recent review, Capal-
di & Radford' predicted that new insights would
rapidly arise from experiments to come in the fol-
lowing years. Indeed, a series of experimental
works has since been published, focussing mainly

© 2001 Academic Press



722

SAXS Study of NCS Thermal Unfolding

on the detection and indirect characterisation of
folding kinetic transition states.?”® Particularly
noteworthy is the work by Clarke and co-workers,
who have initiated a systematic experimental
study of the folding mechanism of the immunoglo-
bulin-like (Ig-like) fold, a fold common to several
protein families that do not necessarily share evol-
utionary links.’~'* The authors put forward the
idea that a folding motif that is conserved without
sequence homology must exist because of intrinsic
thermodynamic properties, which they want to
elucidate. In that series of papers, chemically
induced unfolding and refolding kinetics are moni-
tored using stopped-flow fluorescence. In particu-
lar, the existence of a clear correlation between
folding rate and stability among six wild-type pro-
teins possessing the Ig-like fold has been shown,
suggesting the existence of a common folding
pathway.” It was noted that, despite these com-
mon features, only the three less stable proteins
fold with a two-state mechanism, whilst kinetic
intermediates have been shown indirectly to exist
for the three most stable proteins.

We have undertaken the study of the folding
of an all-B protein, neocarzinostatin (NCS), struc-
tured by an Ig-like seven-stranded Greek key
B-barrel,'>'® which belongs to a family of chromo-
phore-carrying anti-tumour proteins of bacterial
origin. NCS is a 113 amino acid residue long
protein'” containing a tightly but noncovalently
bound chromophore.'® The isolated chromophore
exhibits the full biological activity of NCS. It binds
to DNA with high affinity and produces DNA
damage by radical reactions.'” The protein com-
ponent, apo-neocarzinostatin, which is the object of
the present work, serves primarily as a carrier pro-
tecting the chromophore from hydrolysis and has
no cytotoxic activity.®® NCS possesses two short
disulphide bridges, each located within a different
loop, the first in the cleft close to the chromophore-
binding site (C37-C47), the second at the bottom of
the B-barrel (C88-C93).

As a first step in the analysis of the folding path-
ways of NCS, we performed equilibrium unfolding
experiments, both thermally and chemically
induced. Chemically induced unfolding was essen-
tially monitored by differential scanning calorime-
try (DSC); the results are presented elsewhere.®!
The heat-induced unfolding of NCS was first fol-
lowed by DSC and fluorescence. The results
suggest the existence of one or several transition
intermediates that could not be detected directly
by either of these two techniques. Moreover, the
stability of NCS, as measured by Trp fluorescence,
AGp_ n="7.3(£0.1) kcal mol™! (1 kcal =4.1847])
(Nicaise, Valerio and M.D., unpublished results),
lies in the range of values for which the existence
of a kinetic folding intermediate was demonstrated
by Clarke and colleagues.'® Beyond the mere detec-
tion of intermediates, we aimed at reaching some
kind of structural characterisation of these species,
and for this turned to small-angle X-ray scattering
(SAXS), a technique used to investigate structure in

solution. The small-angle scattering method has
already been put to use to detect and characterise
(un)folding intermediates both at equilibrium®*~*
and kinetically, using fast mixing techniques.>*~*
As a first step in this study, we have undertaken
an equilibrium study of the thermal unfolding of
NCS.

A series of scattering curves of a solution of
NCS, I(Q,T,), where the momentum transfer Q is
related to the scattering angle 20 and to the X-ray
wavelength A by Q = (4n sin)/A, were recorded at
various temperature values T} and analysed using
the singular value decomposition (SVD) approach.
This approach is now commonly used in the anal-
ysis of (un)folding transitions followed by
SAXS.*'7% Tt allows the determination of the mini-
mum number of structural states with linearly
independent scattering curves present during the
unfolding transition, with no prior knowledge of
the characteristics of these states. The analysis
gives clear-cut evidence for the presence of at least
one structural intermediate between the native
state and the unfolded state of NCS. Scattering
curves of the intermediate state compatible with
the data can be determined by a least-squares
minimisation and are characteristic of a weakly
structured state. This set of patterns yields values
of the radius of gyration between 21.3 A and 26 A,
compared with 14 A and 26 A, the respective
values for the native and unfolded states. In
the following presentation, a strong emphasis is
put on a critical evaluation of the way to extract
accurate information from SAXS studies of protein
(un)folding.

Results

Differential scanning calorimetry
and fluorescence

Calorimetric measurements on a solution of NCS
in a 60 mM phosphate buffer (pH 7.0) were per-
formed to determine the protein unfolding tem-
perature. The heating rate was 1 K min~! and the
protein concentration, 3 mg ml~!, was as close as
possible to that used in the SAXS experiments. The
evolution of the NCS specific capacity as a function
of temperature is shown in Figure 1(a). A single
symmetric peak, located at about 68°C, is
observed. Above 80°C, the constancy of the
specific capacity is indicative of a maximally
unfolded state of the protein.

The experimental curve was first analysed with
a strict two-state model of transition (calorimetric
enthalpy AH_, identical with van't Hoff AH, )
(Figure 1(a)), then with a model that allows AH_,
and AH, y to differ, accounting for a possible non-
uniqueness of the second state (Figure 1(b)). In
both cases, the fitting procedure yields a value ¢,
equal to 68.6°C for the mid-point transition tem-
perature. A value of AH_, =104 kcal mol™" is
derived for the enthalpy by using the first model,
whereas the second model yields a significantly
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Figure 1. Differential scanning calorimetry and fluor-
escence monitoring of NCS unfolding. (a) and (b) Tem-
perature-dependence of NCS specific molar heat
capacity. Dots, experimental data; continuous line (a) fit
by a strict two-state model AH_, = AH = 104 kcal
mol~!, (b) fit allowing AH, # AH,y, AH., = 97.3 kcal
mol™" and AH,y =115 kcal mol~". (c) Temperature-
dependence of the wavelength corresponding to the
maximum fluorescence intensity of Trp39 and Trp83.
Dots, experimental data; continuous line, fit by a strict
two-state model.

better fit to the experimental curve with
AH_; =973 kcal mol™! and AH,y=115 kcal
mol . These results are independent of the heating
rate, at least between 0.5 K min~! and 2 K min~},
and of the protein concentration between 0.6-3 mg
ml~'. Most of the NCS molecules fold back to the
native state after cooling, as shown by performing
a second temperature scan on the same sample.
The curves obtained during the two successive
heating processes present exactly the same shape
and the same transition temperature. Only a 5%
decrease of the peak intensity is detected in the
second curve, indicating that a small amount of
protein could not refold, at least not completely,
during the cooling step. No aggregation is
observed, which would appear as an exothermic
process, making the transition peak strongly asym-
metric.

The unfolding transition was also monitored
using the emission spectrum of tryptophan fluor-

escence. The curve shown in Figure 1(c) was
obtained by plotting the wavelength of the maxi-
mum of the spectrum as a function of temperature.
Again, the transition appears to be co-operative
and to be complete around 80°C. A first approxi-
mation thermodynamic analysis of this curve,
using a strict two-state transition model, yields
tn=68°C and AH =66.5 kcal mol™'. Although
the fluorescence data do not by themselves allow
more than two-states to be distinguished, the
marked difference between the values of AH
obtained by this technique and by calorimetry
suggests that the unfolding transition might not be
a simple transition between two well-defined
states.

SAXS

The folded protein

Before analysing the SAXS patterns of the native
protein, it has to be checked that coulombic repul-
sions between identical proteins are effectively
screened by the ionic strength of the 60 mM phos-
phate buffer in such a way that the interaction
effect on the scattering curves is negligible. To this
aim, SAXS patterns of the folded protein were
recorded as a function of the protein concentration
¢, and at two temperatures below the unfolding
transition, 22°C and 53°C (data not shown). The
values of the radius of gyration R,(c) and of the
intensity at zero angle I(0,c) were derived from a
Guinier analysis. The R, value at 2.5 mg ml™" was
found to be 14(£0.2) A at both temperatures. R,
values showed a very weak decrease with concen-
tration, lower than 0.3 A and 0.5 A at 22°C and
53°C respectively in the explored range (2.5 mg
ml™' <c<10 mg ml™') The virial coefficient A,
was then estimated after plotting c/1(0,c) as a func-
tion of c (equation (11) in Materials and Methods):

T =22°C: Ay =3.5(£2) x 10~* cm® mol g2
T =53°C: Ay =5(£2) x 10~* ecm® mol g_2

The low positive values of A, indicate that the
interactions between proteins, which essentially
result from three contributions, hard-sphere, cou-
lombic and attractive van der Waals interactions,
are weakly repulsive under our conditions. By
comparison, the second virial coefficient arising
from hard-sphere interactions alone can be esti-
mated theoretically. Des Cloiseaux & Janninck*”
have established the following relation between A,
and R, for uncharged macromolecules in solution:

R3

Ay = 4P UNA 35
where N, is the Avogadro number and M the
macromolecule molar mass. ¥ is a dimensionless
constant that depends on the molecular shape. For
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a spherical shape, W= 1.619.% With R, =14 A, a
value of 4.3 x 107* cm?® mol g~ is obtained for A,,
which is of the same order of magnitude as the
experimental determinations. This suggests that
under the ionic conditions used for the native
NCS, the sum of all interactions is equivalent to
hard-sphere interactions, which are weak at the
low protein concentration used. The observed
slight increase of the virial coefficient A, with tem-
perature has already been reported in the case of
lysozyme® and attributed to a decrease of the
attractive dispersive forces with temperature,
whilst repulsive interactions remain roughly con-
stant. In any case, the NCS solution can be con-
sidered as ideal in the temperature range where
the protein retains its native conformation. We
may therefore reasonably suppose that the scatter-
ing pattern modifications observed during unfold-
ing are due to protein structure changes and are
not significantly altered by interaction effects.

The scattering pattern of the native protein at
room temperature could then be analysed neglect-
ing the interaction effects. The experimental curve
[(Qc=5mg ml™', T=228°C) was fitted by the
curve representative of an ideal solution of native
NCS calculated from the protein crystallographic
co-ordinates (PDB file 1noa) using CRYSOL.*?!
This program uses only two free parameters, the
average displaced solvent volume per atomic
group and the contrast of the hydration shell. The
fit yields an excellent agreement over the whole
angular range for a relative density of the
hydration layer of 1.03, with an R, value derived
from the calculated curve of 14.0 A, identical with
the experimental determination (Figure 2(a)). All
experimental data of essentially native protein (i.e.
recorded at temperature up to 61.6°C) display a
similar agreement, even in the large-angle region.
Whilst confirming the native character of the pro-
tein up to 61.6 °C, this perfect agreement testifies to
the accuracy of our background subtraction. Since
this particular step is the direct result of the exper-
imental measurements, and not of a fitting pro-
cedure, we can reasonably assume that the
background subtraction is performed accurately at
higher temperature as well.

Completely unfolded protein

The experimental pattern measured at 76.8°C
presents at large Q the slow Q-dependence typical
of an unfolded protein: its Kratky representation
clearly displays a plateau at Q-values above
0.1 A= (see the inset in Figure 2(b)). A scattering
curve recorded at 80°C appears to be essentially
identical with that at 76.8°C (data not shown).
Since the former curve displays poorer statistics,
only the 76.8°C curve is used to analyse the
unfolded state. The approximation to be used to
derive the radius of gyration from the small-angle
region of scattering curves differs according to
whether the protein is native or unfolded (see
Materials and Methods). The radius of gyration of
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Figure 2. SAXS patterns I[(Q,c =5 mg ml™) of the two
extreme conformations of NCS. (a) scattering pattern of
native NCS at 22.8°C. Dots, experimental data; continu-
ous line, calculated pattern from the atomic co-ordi-
nates. (b) Scattering pattern of unfolded NCS at 76.8°C.
Dots, experimental data; continuous line, fit using the
Kratky-Porod model of a thick polymeric chain without
excluded volume interactions. Inset: The Kratky plot
(I(Q)Q? as a function of Q) exhibits a plateau at large Q
values.

the NCS unfolded state was therefore estimated by
fitting the scattering pattern measured at 76.8°C
using the Debye formula applied in the range
0.02 A '< Q<0.055 A~1, which gave a value of
26.3(£0.5) A. As in the case of the native protein,
our first concern was to evaluate the effect of inter-
actions. For practical reasons the second virial co-
efficient A, was not measured in our SAXS
experiments, but it had already been evaluated in
SANS experiments, under the same buffer con-
ditions in *H,O and was found to be very close to
zero.”” The virial of native proteins is known to be
only slightly different in *H,O and H,0.”> We
assume here that the same applies for unfolded
proteins. The negligible value of A, found by
SANS means that the NCS scattering curve at
76.8°C is not altered by interactions and that the
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temperature-unfolded NCS can be considered as a
polymeric chain in a theta solvent, i.e. with no
excluded volume interactions.® The analytical
model of a Kratky-Porod chain, with a finite value
of the section radius (see Materials and Methods),
can then be used to fit the data.

The excellent agreement between the experimen-
tal curve (0.015 A1 < Q< 0.2 A1) and its fit by the
Kratky-Porod model (equations (15) and (18)), even
at the smallest Q-value, rules out any aggregation
process (Figure 2(b)). The followmg values of the
fitting parameters are obtained: L = 320(+70) A,
b=13.1(£3) A, R, =4.15(%0.3) A The radius of
gyration value derived from equation (20) is 26.1 A,
nearly identical with that found using the approxi-
mation of the Debye’s formula.

Transition zone

Radius of gyration. To evaluate accurately the
average radius of gyration of the protein as a func-
tion of temperature during the unfolding tran-
sition, we have to determine which type of
analysis (Guinier or Debye) is most appropriate.
Indeed, the simultaneous presence of different
states of the protein in the solution (compact,
unfolded and possibly partially unfolded) makes
this question more complicated than in the two
simple and extreme cases of solutions with pure
compact or pure unfolded states. A third deri-
vation of the value of the radius of gyration is by
means of the distance distribution function (see
Materials and Methods). In a test case presented in
the Appendix, all three methods were used to cal-
culate the radius of gyration of synthetic scattering
patterns I, (Q) which are linear combinations (coef-
ficients: 1 — fy, fy) of the native and the unfolded
protein scattering curves, simulating a two-state
transition between a globular and an unstructured
states. The comparison of the R, values obtained
by each of the three approaches with the true
value provided us with a direct assessment of the
way each method performed. Following the con-
clusion of this study, the average radius of gyra-
tion of NCS was determined as a function of
temperature using the best approximation. The
scattering curves measured at temperatures lower
than 63.4°C and fitted using the Guinier approxi-
mation are shown in Figure 3(a). As expected in
this temperature range In(I(Q)) is perfectly linear
as a function of Q® at least out to Q=0.1 A",
which corresponds to QR, =1.4. At higher tem-
peratures, the graph of ln(IfQ )) with Q? displays an
increasing deviation from linearity (the patterns at
T =65.1 and 66.8°C are also shown in Figure 3(a)).
The flts using Debye’s formula over the Q-range
0.02 A< Q<0.055 A" are shown in Figure 3(b)
for temperatures above 65.1°C. The absence of
aggregation clearly appears from the perfect agree-
ment of the fitting curves to the experimental data
down to the smallest Q-values. No correction for
interaction effects was performed on these curves,
bearing in mind that these effects are quite small
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Figure 3. Determination of the apparent radius of
gyration. (a) Guinier plots (In(I(Q)) as a function of Q%)
from data recorded between 22.8°C and 66.8°C. Below
63.4°C, In(I(Q)) is perfectl)y linear as a function of Q2 at
least out to Q=0.1A"1 which Corresponds to
QR,=14. At higher temperatures, an mcreasmg
deviation from linearity is observed from Q =0.06 A~!
(b) Fits, using Debye’s formula, of data recorded
between 65.1°C and 76.8°C. The arrows indicate the Q
range used for the fits, 0.02 A< Q< 0.055 AL

under the conditions used and even nil for the
unfolded protein. Finally, the radius of gyration
was derived from the corresponding distance dis-
tribution function P(r) at each temperature.

Figure 4(a) illustrates the variation of the square
of the apparent radius of gyration R, ,,,, as a func-
tion of temperature using the three methods. The
radius of gyration of the protein remains practi-
cally constant up to 65.1°C. The weak decrease
from 22°C to 60°C is due to the slightly higher
effects of concentration (5 mg ml™') at high
temperature, as observed by comparing the two
concentration series performed at 22°C and 53°C
already mentioned. Beyond 65.1°C, the average
radius of gyration displays a sharp increase. The
transition from the globular shape to the unfolded
chain occurs within ca. 10 deg. C. Above 76.8°C,
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Figure 4. Temperature-dependence of R, and I(0). (a)
Square of the radius of gyration. Open circles, values
from Guinier’s law. Filled circles, values from Debye’s
formula. Crosses in square, values from P(r). (b) Inten-
sity at the origin. Open circles, I(0, ¢=5mg ml™).
Filled circles, after correction for interaction effect,
I(0)igearr Continuous line, 1(0).,. calculated assuming a
constant partial specific volume of the protein. Crosses
(right-hand scale), temperature-dependence of the par-
tial specific volume of the protein as derived from the
deviations between [(0)_,. and 1(0);gear-

R, .pp remains constant. Confirming the con-
clusions given in the Appendix, the estimate of the
radius of gyration yielded by the Guinier approxi-
mation is clearly smaller than that obtained from
the Debye’s formula as soon as the protein starts
unfolding. The P(r) derived values at 63.4°C and
65.1°C are significantly lower even than the Gui-
nier estimate, in agreement with the observations
made in the test case. With the exception of these
two values where the Debye approximation should
be retained (see Appendix), the differences
between Rpepye and Rp, appear to be much smaller
than that observed in the test case, and well within
the combined error bars. Both determinations are
therefore likely to be close to the actual value.

Intensity at Q=0. Together with the radius of gyra-
tion, the analysis of the scattering curves in the
small-angle range yields the value of the extrapo-
lated intensity at zero angle, I(0,c). Although the
present SAXS experiment yields only a relative
value of 1(0,c), not an absolute value, two pieces of
information can be derived from the variation of
1(0,c) with temperature, namely the evolution of
the average mass of the scattering objects and the
evolution of the partial specific volume of the pro-
tein during unfolding.

Figure 4(b) shows the evolution of I(0,c =5 mg
ml~") with temperature, as extracted from the fits
to the experimental data (Guinier approximation
for T<62°C and Debye approximation for
T > 62°C). The absolute value of the second virial
coefficient A, of NCS solutions is low in the native
state and close to zero in the unfolded state. We
assume that, during the transition, the apparent
virial coefficient of the protein solution is a linear
combination of those of the native and the
unfolded forms of the protein. This very crude
approximation is deemed to be acceptable in view
of the very low values of A,. This enables us to
derive from the experimental I(0,c) the intensity at
the origin 1(0);gea corrected for the effect of inter-
particle interactions (equation 11)). The variation of
I(0)igeas Wwith temperature is also shown in
Figure 4(b).

Besides, the mere effect of temperature on the
solvent density leads to a variation of the intensity
at zero angle easily computed using equatlon (9b).
Assuming a constant value of 0.72 cm®g~" for v
derived following the approach of Kharakoz,>* the
value 1(0).. can be evaluated from the tabulated
variation of p, with temperature. The decrease of
the protein concentration associated with the
decrease of the solvent density with increasing
temperature has also been taken into account in
this evaluation (c factor in equation (9b)). The vari-
ation of 1(0).,. with T is plotted in Figure 4(b) on
top of the I(0)igeq curve. Weak but systematic devi-
ations are observed in the region of the transition
between the calculated intensity I(0)., and the
experimental points. This can be attributed to var-
ious factors, which are discussed in the Discussion.

Distance distribution function. The P(r) curves are
plotted in Figure 5 for all temperatures. The shape
of the P(r) function remains essentially the same
until 63.4°C, beyond which the maximum exten-
sion D, of P(r) starts increasing. Beyond this
point, the shape of P(r) clearly changes, progress-
ively leading to the profile of an unfolded chain at
76.8°C. The shape of the P(r) at T =65.1°C with
its sharply ending tail appears to be somewhat
unrealistic. This is because the proportion of
unfolded or partially unfolded species is very low
at this temperature, which makes it difficult to
determine the P(r) curve unambiguously (see
Appendix).

The evolution of D, with temperature is pre-
sented in the inset to Figure 5. Although the value
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Figure 5. Distance distribution function of NCS at
different temperatures across the transition scaled to the
intensity at the origin. Note the unlikely shape of the
tail at 65.1°C reflecting the difficulty in accounting for
the large distance side of the distribution in the case of
a small fraction of extended conformation. Inset: Tem-
perature-dependence of the maximum diameter, D,,,..

of D, ., is not determined with the same precision
as R, its variation with temperature appears to be
faster than that of R D .. keeps close to 40 A up
to 65°C, at which® temperature it undergoes a
sharp increase to reach its maximum value of
about 105 A above 70 °C.

Kratky representation. All normalised experimental
curves, Q*I(Q,c)/1(0,c), for temperatures between
61.6 and 76.8°C, are plotted in Figure 6. The curve
at 61.6°C displays the typical bell-shape of a
native, globular protein. Beyond 63.4°C, the peak
amplitude progressively decreases, finally leading
at 76.8°C to a curve displaying a plateau for
Q>0.1 A-!, which characterises the completely
unfolded protein. Note that the scattering curves
do not cross in a single point during the transition.
As stated in Materials and Methods, the absence of
an isoscattering point unambiguously establishes
that the solution contains intermediate states
between the native and the completely unfolded.
Besides, this absence of a common crossing-point
is also visible, although less clearly, within the set
of P(r) curves in Figure 5.

To prove that the absence of an isoscattering
point is not due to uncorrected interaction effects,
the curves scaled to the intensity at the origin
extrapolated at zero concentration were also
plotted in the Kratky representation. The correction
appears to be actually very small, and no isoscat-
tering point is observed. In any case, an isoscatter-
ing point could be observed only at large angles,
where interaction effects are negligible. All further
analyses will thus be performed on the non-
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Figure 6. Kratky plots (Q?I(Q)) as a function of Q) at
different temperatures across the transition. Intensities
have been linearly smoothed using a moving window
for clarity. The deviations between the raw data and the
smoothed values have been checked to be distributed
randomly around zero.

corrected curves, since the correction is small and
depends on several approximations.

Analysis by singular value decomposition. An SVD
analysis was performed on the experimental scat-
tering curves using the Kratky expression scaled to
the intensity at zero angle QI(Q,T,)/1(0,T). Only
the ten curves recorded at temperatures between
61.6°C and 76.8°C were considered. The reason
for using a restricted range of temperature around
the transition is developed in Materials and
Methods: the SVD analysis is valid only in as
much as the form factor of a given state does not
vary over the temperature range explored.

The minimum number of species with linearly
independent scattering curves necessary to recon-
struct the whole data set was determined
after calculating the y? value given by equation
(30) and by examining the shape of the basis
vectors u(Q) together with the temperature-
dependence of their respective coefficients wpr.
Figure 7 shows the first four basis vectors with the
values of % as a function of the number p of basis
vectors in the inset while the coefficients w]b],
j=12,34, of the first four basis vectors are shown
in Figure 8 as a function of temperature. It appears
that at least three independent species are necess-
ary to describe the transition, since the first three
basis vectors and their associated coefficients dis-
play a meaningful Q or T-dependence, whilst the
value of ¥ drops to 1 for p = 3. In contrast, no sig-
nificant correlation is observed between w,b, and
temperature, while the shape of u,(Q) does not dis-
play any meaningful feature. We finally checked
that the reduced residuals between the experimen-
tal curves and their reconstruction using the first
three basis vectors are distributed randomly



728

SAXS Study of NCS Thermal Unfolding

0-4 L AL I B L L L Nt S S S B (LN L AL LS L . S (S | '1
: 100¢] ]
0.3F R .
L = 1 ]
ozt o G
I -\ 0‘011234')557395
Lo ]
01t o — b
—~ L 7
g of A S K
= " = q 7 ;
S FoOS /WU - 1
[ 14 ,\ ]
01+t 4 | b
0.2 | ]
£ Ul ==eeey2 ——u3 u4 b
_0_3'....1....1....|...‘l.“.n...‘:....'
0 005 01 015 02 025 03
Q(A)
Figure 7. SVD analysis of SAXS patterns: first four

basis vectors u;, i =1,2,3,4 (unitary vectors). Inset: evol-
ution of the y? value (logarithmic scale) as a function of
the number p of eigenvectors.

between +1 and —1. Therefore, three and only
three species are detected by the SVD analysis
(L =3), meaning that, within experimental errors,
an intermediate state between the native and the
completely unfolded states appears during the
transition. There might exist more than one inter-
mediate state but, in this case, more precise data
would be necessary to detect them.

Once the number of independent species is
determined, the first three projection coefficients,
wbk, are fitted by equation (34) to yield the frac-
tions fy, fi, and fi; of the native, intermediate and
unfolded states, as a function of temperature
together with the projection coefficients, pj, of
the intermediate state. From these coefficients, the
scattering patterns I;(Q) of the intermediate state
can be reconstructed using equation (33). Given the
high number of fitting parameters, two constraints
were imposed during fitting: the scattering pat-
terns of the native and the unfolded state are
imposed to be equal to the projections on the first
three basis vectors of the curves recorded at
T=61.6°C and T =76.8°C, respectively. The first
constraint is justified, since the experimental curve
measured at 61.6°C is reproduced perfectly from
the crystallographic coordinates of the native NCS.
The second constraint is based on the identity
between the scattering curves recorded at 76.8°C
and 80°C, suggesting that the protein is already
completely unfolded at 76.8°C. However, as
explained in Materials and Methods, these two
constraints are not sufficient to define a single sol-
ution to this problem. We are left with a whole
class that can be derived from any one of them by
simple linear relationships (equation (37)).

A representative selection of this ensemble of
curves, each of which is a possible scattering pat-

tern of the intermediate state, is shown in
Figure 9(a) using the Kratky representation.
Although the curves exhibit a significant spread,
all suggest that the intermediate state is largely
unstructured. This is most easily seen by the values
of the radius of gyration derived from the Debye
approximation, which are all larger than 21.3 A to
be compared with 14 A and 26 A, the respective
values for the native and unfolded states. How-
ever, the protein in the intermediate state clearly
presents elements of residual structure, as shown
by the presence of a large peak at Q =0.11 A~
Note that the curves derived from equation (37)
and presenting an apparent radius of gyration
higher than 26 A were considered to be physically
meaningless and are not represented in Figure 9(a).

Figure 9(b) shows the evolution with tempera-
ture of the respective fractions of the native, inter-
mediate and unfolded states. In all cases, the
intermediate state is maximally populated between
68°C and 72°C, that is, in the neighbourhood of
the half-transition temperature. Below 68°C, the
unfolded state is weakly populated, the solution
mostly containing proteins in the native and inter-
mediate states. Conversely, above 72°C, the pro-
tein is predominantly in the intermediate and
completely unfolded states.

Use of a thermodynamic model. The attempt to
characterise the intermediate state with a minimal
number of hypotheses leads us to the limited con-
clusion that this species must be unstructured. To
go any further requires the introduction of a model
restricting the range of scattering patterns compati-
ble with the data. An approach has already been
proven efficient in several cases,*>** which assumes
the existence of a single thermodynamically
well-defined state, denoted I, which is in equili-
brium with the native (N) and unfolded (U) states
with  associated changes in free energy
AGy . ; (@(=LU). Within this model, the
coefficients ff are entirely determined from the
knowledge of the two Gibbs energies (see
Materials and Methods), thereby considerably
reducing the number of adjustable parameters.
This calculation yields the fractions and scattering
patterns shown in Figure 9(d) and (c), respectively.
The scattering curve of the intermediate species,
which is now unique, falls in the range previously
obtained, while the fraction of intermediate species
presents, as expected, a maximum around the tran-
sition temperature. Although worse than that
observed before, the fit to the experimental data
remains acceptable. However, the values derived
for the free energies at ambient temperature,
AGyn_1(300 K) and AGy_.y(300 K), are 16.5 and
43.8 kcal mol™}, respectively, almost an order of
magnitude larger than experimental determi-
nations in similar systems.®® This suggests that the
hypothesis used to build the model, namely the
existence of a thermodynamically well-defined
intermediate state, is simply not valid in the case
of the thermal unfolding of NCS.
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Figure 8. Temperature-dependence of the coefficients of the first four basis vectors. Dots, projections of the exper-
imental Kratky profiles on the first four basis vectors. The projection on the fourth eigenvector varies randomly with
temperature. The continuous line joins the points obtained using equation (35), which correspond to the three-state
analysis with no thermodynamic model (see the text for details). Broken line, the same but using the thermodynamic

model.

Discussion

Methodological comments

The monitoring of protein denaturation by
small-angle X-ray scattering yields invaluable
information about the global conformation of the
various thermodynamic states involved. Moreover,
the existence of intermediate states can be ascer-
tained directly, with no need for a theoretical
model used for data fitting. However, for the infor-
mation to be useful, scattering intensities must
be recorded over a large angular range and
thoroughly analysed. Great care has to be taken in
data reduction and analysis to obtain meaningful
information on the structural characteristics of non-
native states as well as on the existence of inter-
mediate states. To start with, retrieving infor-
mation on the conformation of a denatured protein
from its scattering pattern requires a very accurate
background subtraction. Regarding the native con-
formation of the protein, this is easily checked by

comparing the experimental scattering pattern to
the scattering curve computed from the crystal
structure, when available, using the program
CRYSOL.>® Second, the influence of interaction
effects on scattering curves must be evaluated and
kept to a minimum. Some authors® extrapolate the
scattering curves to infinite dilution in order to free
the data from such effects. Although a valid
option, this extrapolation is not always straightfor-
ward, and we therefore prefer, by an appropriate
choice of the ionic conditions, to minimise repul-
sive coulombic interactions between proteins so
that the second virial coefficient A, remains weak
and the shape of the scattering pattern (recorded at
a protein concentration lower or equal to 5 mg ml~
1) is not significantly affected by interaction effects.
Ideally, the second virial coefficient should be
slightly positive, that is the net resulting interaction
should be weakly repulsive, so as to prevent pro-
teins from aggregating during the denaturation
process. The third comment regards the calculation
of the apparent radius of gyration from the scatter-
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Figure 9. Scattering pattern and fractional concentration of the intermediate species with or without a thermodyn-
amic model. No thermodynamic model: (a) class of scattering patterns of the intermediate state compatible with the
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values are presented, spanning the whole range for the intermediate species. Note that several fy and f; curves are
practically identical. Use of a thermodynamic model: (c) scattering pattern of the intermediate state; (d) fractional
concentration of the native, fully unfolded and intermediate state.

ing patterns. In theory, the best approach remains
the calculation of the P(r) function, although its
practical use is often not straightforward and
shows its limits at the onset of the transition, when
extended conformations are present in weak
amounts. It is best supplemented by Debye’s for-
mula, which, in spite of the theoretical shortcom-
ings mentioned in the Appendix, yields more
accurate values than Guinier’s law, provided the
fit against experimental data is performed over a
restricted angular range (Qp.xR, < 1.4). Indeed, the
most generally used Guinier’s law appears to give
too small values of the radius of gyration from the
beginning of the unfolding transition. Another con-
sequence of the difficulties encountered in calculat-
ing the P(r) function at the beginning of the
transition regards the evolution of D, ,, with tem-
perature. Unlike the square of the radius of gyra-
tion, the maximum extension of the protein is not
an adequate parameter to follow the transition,
since it does not vary linearly as a function of the
fractions of the different species present in solution.
In principle, the value of D,,,, is that of the most

max

extended species detectable in solution. In the case
of a purely two-state unfolding transition, D,,,, is
actually expected to display a stepwise variation
with temperature, changing steeply from its native
state to its unfolded state value. However, it is
shown in the Appendix that this is not the case in
practice. The observation in Figure 5 of some inter-
mediate values of D,,,, between 40 A and 105 A
(one point at 48 A and two points at 85 A and
91 A) can again be attributed to the difficulties
mentioned in the test case to determine the P(r)
function at the onset of the transition. Therefore
they cannot be considered as a proof of the exist-
ence of an intermediate conformation.

Finally, the use of isobestic points and of the
SVD analysis calls for some words of caution. The
scattering patterns must first be normalized by the
intensity at the origin I(0), so as to take into
account the variation of the electron density con-
trast of the protein as a function of temperature
(respectively denaturing agent concentration). The
analysis must then be restricted to a narrow tem-
perature (respectively denaturing agent concen-
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tration) range in the immediate vicinity of the
unfolding transition, so that the conformation of
the completely denatured protein (as characterised
by the parameters b and R, ) does not vary in any
significant way. The SVD analysis is also best per-
formed over a restricted temperature range, so that
most patterns contain contributions from any puta-
tive intermediate species, thereby maximising the
detectability of putative intermediate states. If too
many patterns of either the native protein or the
completely unfolded one are included, they will
contribute excessively to the data set, with a risk of
masking these very intermediate states one is look-
ing for, unless an appropriate weighting scheme is
used.

Description of the denatured state at 76.8°C

SAXS is a technique of choice to characterise the
global conformation of an unfolded protein. We
have shown that the scattering pattern of the
denatured protein recorded at 76.8 °C is similar to
that of the Kratky-Porod model of a stiff chain
with a measurable radius of cross-section and no
excluded volume interactions. We now discuss the
values of the three basic parameters used in the
model description: R, the apparent radius of
gyration of the cross- sectlon L, the contour length
of the chain; and the statistical length b, which is
twice the persistence length of the chain.

The value of R, . gives an estimate of the average
transverse dimensions of the chain, but it is only a
crude one, since it depends strongly on the struc-
ture and the chemical composition of the residues,
as well as on the solvent structure around the
chain. Interestingly though, the value derived from
the fit of the model against the experimental data
is 4.1(x0.3) A, close to the average dimension of
amino acid side-chains.

The contour length, L, of the chain represents its
full extension length. Its value can be related to the
level of unfolding of the polypeptide chain. Indeed,
if the chain is completely unfolded, its contour
length is given by the expression nl,f, where n is
the number of residues, [, is the distance between
two adjacent C* (I, =3.78 A) and f is a geometrical
factor depending on the bond angles along the
chain, which accounts for the fact that the comple-
tely extended polypeptide chain is not a straight
line but displays zigzags. For a polypeptide chain,
f is found equal to 0.95.%® If the chain is not totally
unfolded and displays residual structures, the con-
tour length must be shorter than nlf. The exper-
imental value is L = 320(£70) A, to be compared to
the value of nlyf=100 x 3.78 x 0.95=2360 A, in
which the number of residues is taken to be
n =100, thereby excluding the two disulphide
loops 37-47 and 88-93, which are preserved even
above the temperature of transition. The compari-
son suggests that the level of unfolding of the pro-
tein in the denatured state at 76.8 °C is high, since
the contour length is only 10% shorter than the
length of the totally unfolded chain. Besides, this is

in agreement with the small value of the radius of
gyration of the cross-section that is close to the
average size of amino acid side-chains: indeed, if
numerous clusters were present, the section of the
protein would be larger than a single side-chain.
However, no quantitative estimate of the content
of residual structures can be derived from our
SAXS patterns. Only NMR measurements can
yield such an estimate (see, for example, some
recent papers).”~%? Furthermore, one should notice
the large error on the value of L; this is due to the
fact that the function describing the intensity scat-
tered by a Kratky-Porod chain (equation (15))
depends mainly on the product Lb, with a specific
dependence on the value of L restricted to the cor-
rection term with respect to Debye’s formula (i.e.
the second term in equation (15), the first one
expressing Debye’s formula). It is finally worth
noting that the residual structures potentially
present in the denatured protein at 76.8°C are
still present at 80°C, since the two scattering
patterns are superimposable within experimental
uncertainties.

The statistical length b reflects the local rigidity
of the chain. It corresponds to the description of
the polypeptide chain as a polymer of rigid seg-
ments of length b, free to adopt random mutual
orientations. The value of b is determined by short-
range interactions, and therefore depends on the
local molecular structure of the chain. For a given
protein, the value of b can be determined theoreti-
cally, using a potential that takes into account all
intramolecular contributions to the energy (see, for
instance, Miller & Goebel®) with the possible
addition of certain protein-solvent interactions as
proposed by Rowe & Lopez-Pineiro.** Such confor-
mational analyses allowed these authors to calcu-
late the mean-square of the end-to-end distance,
(R?) of several random coil proteins. The main
result is that, for the investigated proteins, (R?) dis-
plays a roughly linear increase with the number
of residues, with a slope between 70 and 90 Az/
residue according to the model used. It has been
shown that in the case of a Kratky-Porod chain,
(R?) = Lb,*® hence (R?) = nl,fb using the expression
of L given above. The values given in the literature
for the slope [, fb yield a value of b between 19 and
25 A according to the model used. The fit of the
Kratky-Porod model against our experimental data
gives a significantly lower value, b=13(£3) A.
This difference could be due to the fact that the cal-
culations have been performed keeping the tem-
perature constant (room temperature), and cannot
therefore take into account the effect of the tem-
perature increase. It might also be due to the theor-
etical models themselves that make use of the
values of the dipolar moments p of the various
amino acid residues, which are poorly known,
while few experimental results are available to
validate the theoretical calculations.®

It is finally of interest to compare the heat-
unfolded and the chemically unfolded states of
NCS. Indeed, the chemical unfolding of NCS using
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guanidine-HCl as a denaturing agent has been
studied by small-angle neutron scattering
(SANS).2! The value of the radius of gyration of
the chemically unfolded state (above 5 M Gdn-
HCl) is 33(£1) A, significantly larger than the
26.3 A of the thermally unfolded state. This differ-
ence expresses a genuine difference between the
two conformation ensembles. While the thermally
unfolded scattering pattern is that of a chain with
persistent length and a measurable cross-section
and no excluded volume interactions, the chemi-
cally unfolded state displays strong excluded
volume interactions that cause the protein to adopt
more expanded conformations. Similar differences
have been reported for cytochrome ¢, a 104 residue
long protein with no disulphide bridge. In this
case, the value of the radius of gyration of the heat
unfolded state is 23 A, while values ranging from
28-32 A are reported for the chemically unfolded
state.*34

K0)igcal Versus T

The experimentally observed temperature
dependence of I(0)jges; has been compared with
I(0)carer calculated from equation (9b) and assum-
ing a constant value of the partial specific
volume of the protein throughout the transition.
Significant and systematic discrepancies are
observed, which can result from several factors.
First, slight changes in the sample concentration
cannot be ruled out. However, these variations
are small, of the order of 2-3% at most, as esti-
mated by measuring again the scattering pattern
of the stock solution at room temperature at the
end of the experiment. These uncertainties have
been included in the error bars on I(0)ig., given
in Figure 4(b) and are clearly too small to
account for the discrepancies between I(0)iyeal
and [(0).,. Second, interparticle interactions in a
mixture of proteins are complex and likely to
change during the unfolding process. The linear
temperature-dependence assumed for the virial
coefficient A, through the transition might well
be inadequate. Nevertheless, in view of the low
absolute value of A,, these effects are most likely
to be weak, and should not significantly modify
the value of the extrapolated intensity I(0);ge.. In
conclusion, we think that the variation with tem-
perature of 1(0);4e. is mainly due to the variation
of the partial specific volume of the protein
during the unfolding transition. Ascribing the
discrepancies between experimental and calcu-
lated values of I(0)igea to the sole effect of o,
changes, values of the apparent v, can be
derived from equation (9b) (see Figure 4(b)) The
amplitude of the variation of v, appears to be
weak, of the order of 1%, in agreement with the
comment from Chalikian and colleagues that “in
general, protein denaturation is accompanied by
small (close to zero) negative or positive volume
changes”.°%%7

Intermediate states

The absence of isoscattering point common to all
scattering patterns recorded as a function of tem-
perature strongly suggests that the thermal unfold-
ing process of NCS involves at least one
intermediate state. This is demonstrated by the
SVD analysis, which shows that three components
are necessary to reconstruct the scattering patterns,
while the contribution from the fourth one lies
within experimental uncertainties. This intermedi-
ate state could be characterised only partially, and
appears to be very unstructured according to the
high value of the radius of gyration, always larger
than 21 A, to be compared with a value of 14 A for
the native protein and 26.2 A for the unfolded pro-
tein at 76.8°C. However, all Kratky profiles of the
ensemble of possible patterns of the intermediate
state are significantly different from the profile of
the unfolded protein typical of a Kratky-Porod
chain. They display a clear maximum at a Q value
close to 0.11 A~', while the unfolded pattern dis-
plays a plateau for Q-values larger than 0.1 A~
Finally, the values of D,,,, found for the 1ntermed1—
ate species are larger than 90 A, as compared to
39 A for the native protein and 106 A for the com-
pletely unfolded protein, also supporting the view
of a very extended conformation.

No unique pattern could be determined for the
detected intermediate conformation of NCS. In a
similar study of the chemical denaturation of cyto-
chrome ¢, Segel and colleagues succeeded in deter-
mining this curve using the thermodynamic
approach that failed with NCS.** However, they
further comment in the discussion of their results
that, by increasing the accuracy of measurements
and the number of scattering curves recorded in
the transition range, more components would most
likely be required to account for this improved
data set, corresponding to the detection of as many
new intermediate states. In other words, the inter-
mediate state is just their best description, given
the available data, of an ensemble of denatured
states. This is a way of reconciling the results of
the SVD analysis with the so-called “new view” of
protein (un)folding. Indeed, whilst the former can
detect and, with the addition of constraints from a
model, characterise only one or several discrete
species, the latter handles an ensemble of confor-
mations corresponding to different regions of the
energy landscape of the protein, some of which are
separated by a pass, i.e. by a transition and an
energy of activation.® In our case, the failure of
the simple thermodynamic model suggests that
there is more than the unique intermediate struc-
ture required by the SVD analysis of our data. For-
mally, there could be discrete intermediate species
at equilibrium, or an ensemble of conformations
differently populated according to the temperature.
In the latter case, a third state would be a weighted
average of all non-native and not completely
unfolded states of the protein but, since the
weights are changing with the temperature, no
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meaningful curve is likely to be derived by a glo-
bal analysis using a simple model like that used
here. This could explain why our attempt met with
a failure. Such a model of a temperature-dependent
distribution of (non-native) states is reminiscent of
that proposed by Griko and colleagues to describe
the thermal denaturation of o-lactalbumin as stu-
died by DSC.®*”° This model of cooperative hierar-
chy considers thermal denaturation as a transition
from the native state towards a particular distri-
bution of denatured molecules with a variable
amount of residual structure. The nature of the dis-
tribution depends on the solvent used: under some
conditions, the major species present during the
transition might be considerably unstructured,
which makes the thermal unfolding transition look
like a two-state transition. When the temperature
increases, the center of the distribution gradually
shifts towards the completely unfolded state.
A similar mechanism has been used by Hirai and
colleagues” to describe the thermal unfolding of
lysozyme monitored by SAXS and DSC.

Following these general comments on the
unfolding process, we wish to conclude with some
considerations more specific to NCS. As mentioned
in the introduction, NCS possesses an Ig-like fold.
Hamill and colleagues analysed the structure of
the transition state in the folding of the third fibro-
nectin type III domain of human tenascin, TNfn3,
and compared it to that of other Ig-like proteins.®
They reached the conclusion that this state presents
a folding core centred around amino acid residues
120, Y36, 159 and V70, which belong to the central
strands B, C, E and F. In order to compare these
results with NCS, Adjadj and colleagues (unpub-
lished results) aligned the NCS sequence with that
of fibronectin on the basis of structure homology.
Residues V21, Q36, L67 and V95 of the NCS
sequence appear to correspond to 120, Y36,159 and
V70 of TNfn3, respectively. It is remarkable that
Adjadj and colleagues showed, based on the study
of the methyl group motions of apo-NCS by °C
NMR relaxation, that these four residues were part
of a hydrophobic cluster. It can be assumed reason-
ably that this cluster is present in the transition
state of NCS. Some preliminary calculations per-
formed on models satisfying these constraints yield
a value of the radius of gyration lower than 21 A,
the smallest value for the radius of gyration of the
intermediate state compatible with our data. There-
fore, this suggests that the ensemble of non-native
states are less structured than this putative tran-
sition state.

Conclusion

NCS, a small B-protein with an Ig-fold, presents
an unexpectedly complex unfolding transition with
temperature. The process involves at least an inter-
mediate state, as suggested by various obser-
vations and proven by the SVD analysis of the set
of SAXS curves. Furthermore, it cannot be

described satisfactorily by the classical thermodyn-
amic model of three thermodynamically well-
defined states. This favours a description in terms
of an ensemble of intermediate states leading to
the fully unfolded state, the population of which
gradually changes with temperature. We have
shown that the analysis of scattering patterns of a
mixture of states is not straightforward, and that
great care must be exerted to derive meaningful
and reliable information. However, provided one
is cautious in avoiding the pitfalls pointed out
here, the potential contribution of SAXS to the
study of the folding problem is unique and per-
fectly complements the wide range of spectro-
scopies commonly put to use.

Materials and Methods

Wild-type neocarzinostatin was expressed in Escheri-
chia coli containing a synthetic gene coding for neocarzi-
nostatin inserted into the expression vector pET12A
(NOVAGENE®). The proteins were purified as
described.”

Differential scanning calorimetry

The thermal stability and reversibility of heat dena-
turation were studied by scanning calorimetry on a DSC
(Microcal Corp®™). DSC measurements were made using
a 3 mg ml ™! neocarzinostatin solution dialysed overnight
against 60 mM phosphate buffer (pH 7.0). Buffer sol-
ution from the dialysis bath was used as a reference. All
solutions were degassed just before loading into the
calorimeter. Calibrations were done according to the
manufacturer’s procedures. Specifically, DSC calibration
was performed by measuring the deflection of the base-
line after a heat pulse of 5 mcal min™! for five minutes
on a water baseline scan. Temperature calibration was
obtained by measuring the melting temperature of stan-
dards provided by the manufacturer and consisting of
small amounts of pure paraffin hydrocarbons sealed in
steel capillary tubes.

The heat capacity of the solvent alone was first sub-
tracted from that of the protein sample. The analysis was
performed on these corrected data using a cubic spline
as a baseline below the transition peak. Thermodynamic
parameters AH_, and AH, were obtained by a least-
squares fit of the following equation against the data:

KD(T)AHcal AHVH

AGM = + Kp(T)PRT?

M

where Kp, is the equilibrium constant for a two-state pro-
cess, AH_, is the measured enthalpy, corresponding to:

Tr
AH = Cp(T)dT (2)
Ty

and AH,y is the enthalpy calculated on the basis of a
two-state process.

If the measured transition corresponds to a two-state
process, the values of the two enthalpies AH_; and
AHyy, are equal. Any difference between these two
values implies either the presence of intermediates or a
multimolecular process.
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Fluorescence measurements

For fluorescence measurements, the sample was iden-
tical with that used for DSC measurement, except that
protein concentration was 5uM (0.5 mg ml™!). The
tryptophan fluorescence of the protein was measured on
an Aminco SLM 8000 fluorimeter at various temperature
(heating rate 1 K min™'). The fraction of unfolded pro-
tein, f,, at each temperature was calculated from the
wavelength of maximum emission fluorescence A using
the standard equation:

AN — A
fu_kN—XD

®)

where Ay and A represent, respectively, the wavelength
of maximum emission fluorescence of the native and
denatured species. AH and T, (mid-point transition tem-
perature) were calculated from the transition curves
using the standard equation:

dlnK AH
1R ©
T

where K is defined as:

__fu
K=125 )

and R is the gas constant. AH is assumed to be tempera-
ture-independent. T,, is defined as the temperature at
which In K= 0.

Small-angle X-ray scattering measurements

NCS solution in 60 mM phosphate buffer (pH 7.0),
was centrifuged for ten minutes at 10,000 rpm prior to
X-ray analysis to eliminate all aggregates. NCS concen-
tration was measured by UV absorption (g5 = 1.29 mg
ml~! em™!). A stock solution was prepared at a final con-
centration of 5 mg ml™!, stored at 4°C and directly used
for the experiments. At each temperature, the sample
was incubated in the X-ray cell for about 15 minutes
before the measurements. For two temperatures (22°C
and 53 °C), samples at different concentrations (2.5, 5, 7.5
and 10 mg ml™') were also analysed to investigate the
concentration effects.

Scattering data were recorded on the small-angle
X-ray scattering instrument D24 at LURE (Laboratoire
pour l'Utilisation du Rayonnement Electromagnétique,
Orsay, France) using the radiation emitted by a bending
magnet of the storage ring DCI. The wavelength A was
selected by a bent Ge(111) monochromator and adjusted
to 1.488 A, calibrated by the nickel absorption edge.
X-ray patterns were recorded using a linear position-
sensitive detector filled with a 90% Xe/10% CO, gas
mixture. The sample-to-detector distance was 1320 mm
corresponding to _the scattering vector range:
0.015 A1 < Q< 0.27 A=t (where Q = 4nsin0/X, 20 is the
scattering angle). The sample was placed in a quartz
capillary temperature-controlled (better than +0.1 deg.
C) via circulating water. The air-scattering was virtually
eliminated by inserting the cell in an evacuated beam
path.” During the unfolding process, proteins display an
increased sensitivity to X-ray irradiation (i.e. to free rad-
icals). To avoid radiation-induced damage, the plunger
of the syringe connected to the cell was coupled to an
automatic drive. The translation of the sample through

the X-ray beam was adjusted in such a way that protein
molecules would be exposed to the X-rays for less than
two minutes, while remaining at constant temperature.
Several successive frames (usually eight) of 200 seconds
each were recorded for both the sample and the corre-
sponding buffer. Each frame was carefully inspected to
check for any X-ray damage (none was found) before
calculating the average intensity and the associated
experimental error.

Each scattering spectrum was corrected for the detec-
tor response and scaled to the transmitted intensity,
using the scattering intensity from a reference carbon-
black sample integrated over a given angular range. At
each temperature the scattering from the buffer was
measured and subtracted from the corresponding pro-
tein sample pattern.

Analysis of the background-corrected scattering
functions Q)

The theoretical formalism applied to analyse SAXS
patterns depend on the type of object present in the
sample. Thus it may differ according to whether the pro-
tein is native or unfolded. For instance, in the case of
chemically denatured phosphoglycerate kinase,”* the
Guinier approximation usually applied to the scattering
intensity I(Q) has been proven unable to give a correct
value of the radius of gyration, while the polymer form-
alism could provide a good description of the exper-
imental patterns. This point is further developed now.

Non-interacting particles

Considering a solution of N non-interacting identical
particles per unit volume, the scattering intensity per
unit volume can be expressed as:

2
) ©)

where v is the volume of the particle, p(7) its electronic
density and p, the electronic density of the solvent. The
brackets represent spherical averaging. At small Q, this
expression can be expanded in powers of Q and the
well-known Guinier approximation’ can be derived:

QR
- ) W

where the radius of gyration R, is given by:

Q) =N<

/ () — peldr

I(Q) = I1(0) exp (—

f 2o — pd’r

Ré = ®
> 3
[66)- per
v
and the intensity at Q = 0 may be expressed as:
M2
1(0) = N((mp - pSVp)N—A> (9a)

where N, is the Avogadro number, M is the protein
molar mass, m,, is the number of electrons of the dry pro-
tein and 7, is the protein partial specific volume, i.e. the
volume occupied per unit mass by the protein within the
solvent. The partial specific volume of the protein o
takes into account the contribution of the hydration
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water presenting an electron density contrast with bulk
water.
Alternatively, I(0) can be rewritten as:

cM (mpN -\
Hm=ﬁg<;f—m%) (9b)

where c is the protein concentration (w/v) of the sol-
ution.

The Guinier approximation (equation (7)) is valid only
in as much as the contribution of the next term in the
power expansion of I(Q) is negligible. The coefficient of
the Q* term involves higher-order moments of the distri-
bution of the electron density contrast p(r) — p, associ-
ated with the protein. When proteins have a compact
structure, the Q domain over which the law is valid is
large enough for practical use. For instance, in the case
of an ellipsoid, this Q domain may extend to slightly
more than QR, =1, giving an R, value with about 1%
accuracy. In practice, In (I(Q)) is fitted by a straight line
as a function of Q* for Q < 1/R,, yielding I(0) and R, in
a straightforward way.

However, if proteins are unstructured enough to
resemble a polymeric chain, distances between elements
of the protein can be very large, so that the Q* term
becomes significant for Q values small enough to make
the Guinier approximation of no practical use.®® It has
been shown” in that case, that the scattering function
1(Q) is well described in the domain Q<3/R; by the
Debye equation:”®

I 2
% = x—z(x —1+e™) (10)
where x = (Q’R?. This relation is the correct analytical
expression for an infinitely thin Gaussian chain, with no
persistence length (i.e. with no rigidity due to short-
range interactions between monomers) and with no
excluded volume (i.e. with no long-range interactions
between monomers). However, it remains valid over a
restricted Q range in the case of an excluded volume
chain or a chain with persistence length.

Interacting particles

In the case of interacting protein molecules, the scat-
tering patterns are modified by the effects of the pos-
itional correlations due to interactions. The above
expressions of scattering intensity must be modified. In
particular the concentration dependence of the intensity
at the origin is given by the following expression:

1(0, 0)

0.9 =775 e

(11)

where A, is the second virial coefficient and I(0);gen i
proportional to ¢ according to equation (9b). The intensi-
ties in the small-angle region used for R, determination
are also modified and yield an apparent radius of gyra-
tion Ry(c).

From a series of measurements carried out as a func-
tion of protein concentration, values of I(0,c) are deter-
mined. Equation (11) is then used to extrapolate I(0,c) to
infinite dilution, yielding the A, coefficients together
with the contrast factor k, where I(0);ge.=cK.

Distance distribution function

The previous analysis concerns the small Q domain of
the scattering patterns, and essentially yields information
about the protein compactness, through the value of its
radius of gyration. Additional information about the par-
ticle conformation can be extracted by calculating the
distance distribution function P(r), which is the Fourier
transform of the entire scattering curve I(Q):

e sin(Qr)
=3 [ 10T RQd )

P(r) is zero for distances r larger than the maximum
diameter D, of the particle. The P(r) function was cal-
culated from the measured intensity I(Q) using the pro-
gram GNOM.”” The value of D,,,,, is fixed by the user in
a recursive way until P(r) presents a smooth shape. In
the cases where some ambiguity remains about the
determination of D,,,, we systematically choose the
highest possible value above which the P(r) function
exhibits fluctuations. The radius of gyration and the
intensity at the origin are derived from P(r) using the
following two expressions:

Dinax
7 P(r)dr
RE=20 (13)

8 Dimax
2 / P(r)dr
0

and:

Dimax
1(0) = 4= f P(r)dr (14)
0

This alternative evaluation of R, and I(0) is of interest
because it is independent of any model. The comparison
of the resulting values with the previous determinations
using Guinier or Debye laws therefore provides a useful
cross-validation of the results.

Theoretical model for an unfolded protein

The Debye model introduced above (equation (10))
describes the scattering intensity from an ideal (or Gaus-
sian) chain, which means an infinitely thin and long
chain with no excluded volume interactions. This model
may provide a satisfactory first approximation of an
unfolded polypeptide chain and, in particular, may give
its radius of gyration with good accuracy. However,
more realistic models are required to gain information
about the actual nature of the chain.

The first model that can be tested is that of a chain
with persistence length (or Kratky-Porod chain),”® which
accounts for local rigidity. In a polypeptide chain, this
rigidity results from the polypeptide bond itself and
from the restricted angular range between two adjacent
peptides, but further constraints may arise from the
occurrence of possible elements with residual structure.
Two parameters define this type of chain, its contour
length L and its statistical length b, which is twice the
persistence length. Sharp & Bloomfield” have given an
approximate expression for the form factor of a Kratky-
Porod chain with a finite length:
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[©Q

2
10) :;(x—l—i—e_")

=PPQ)

+b 4 +L— 11+l exp(—x)
L{15 152 \15 " 15¢) P
with x = Q?Lb/6. The radius of gyration R, is then given
by:

(15)

1 1
R =L+ g —ew2)|  a6)
where y =L/b.

The expression (15) is valid only for L/b>10 and
within the domain Q <3/b. In the domain 3<Qb<7,
the correct representation of a Kratky-Porod chain has
been derived by des Cloiseaux.®’ Finally, for higher
values of Q (Q>7/b) the asymptotic trend of the form
factor is the well-known behaviour of a rod:

Q) _n 4
0) QL T 30%L {12

which displays a characteristic decrease as 1/Q. How-
ever, in typical SAXS experiments, the latter Q range is
hardly reached.

Besides the local rigidity of the main chain, the exist-
ence of lateral chains has to be accounted for. To this
aim, one may use the model of a thick filament, in which
the thickness of the polymer chain is characterised by
the radius of gyration R,. of the cross-section.’® The
form factor is then expressed as:

X9 _ prQex p( QZR;C) 18)

10) 2

Equation (18) is valid only within the Guinier domain
of the section, i.e. Q<1/R, The radius of gyration R,
of the cross-section is defmed as:®

o _ B0 — poix
B¢ T T(p() — po)dx
where ¥ is a vector perpendicular to the chain axis, while

the integrals are performed over the section of the poly-
mer. The radius of gyration of a thick filament is then:

(19)

3
2 _ SBy2 2
R = (RPP +5R; (20)

The previous expressions constitute the most realistic
and simple model that describes the scattered intensity
by an unfolded polypeptide chain without excluded
volume effects, i.e. with no long-range repulsion between
residues. Within the polymer theory framework, this
case corresponds to the “theta solvent” case.®* If
excluded volume interactions are present (i.e. the “good
solvent” case), which is the case for any chemically
denatured protein, using for instance guanidinium chlor-
ide, more sophisticated models have to be used to
describe the scattered intensity,> like that proposed by
Pedersen & Schurtenberger.®

Fitting the experimental curves I(Q) with equations
(15) and (18) allows the determination of the three par-
ameters L, b and Rg,c' The first two characterise the chain
structure. The third one might be less relevant to the
chain structure, since it depends on the local contrast

p(X) — p, as shown in equation (19). Therefore, for a
given chain, with given values of b and L, the radius of
gyration of the cross-section R,. may vary if pg itself
strongly varies, thus modifying the scattering function
I(Q), especially its behaviour at high Q.

Kratky plots

Kratky plots (i.e. I(Q)Q? as a function of Q) of scatter-
ing intensities are a representation of particular value
in protein folding studies. Indeed, each type of model
structure (spherical particle, ideal Gaussian chain, Porod-
Kratky chain, etc.) can be identified easily by the charac-
teristic profile of the associated Kratky plot. Thus, the
intensity scattered by a globular protein behaves
approximately as 1/Q* in the high Q domain,® yielding
a bell-shaped Kratky plot with a well-defined maximum.
Conversely, the Kratky representation of an ideal Gaus-
sian chain presents a plateau in the high Q domain, since
I(Q) varies as 1/Q? according to equation (10). Finally,
in the case of a Kratky-Porod chain with no thickness,
the Kratky plot also displays a plateau, since I(Q) varies
approximately as 1/Q? (equation (15)) over a specific Q
range but, at higher Q, it is followed by a monotonic
increase, characteristic of the scattering by a rod
(equation (17)).

Based on these observations, assertions can be found
in the literature that the intensity scattered by a comple-
tely unfolded protein must display the latter kind of
behaviour and, in particular, that the absence of increas-
ing intensity at large Q in a Kratky representation is a
proof of incomplete unfolding. In fact, the relationship
between the general shape of the Kratky plot and the
nature of an unfolded chain is complex. Within the fra-
mework of the Kratky-Porod chain model, a variety of
shapes can be observed: no intensity increase at high Q,
absence of a plateau, or even an intensity decrease at
high Q, all of them describing a completely unfolded
chain. To be more explicit, we may first stress that the Q
domain of the plateau depends on the values of b and L
(equation (15)) , and might be severely limited in some
cases. Moreover, if interactions of excluded volume are
present, the plateau disappears, since the asymptotic
behaviour of I(Q) does not follow a 1/Q* law anymore
but 1/Q'" instead, with v =0.588.8* Second, the rod-
type behaviour at high Q is predicted only for Q>7/b,
which, for b=13 A (the value found for NCS) corre-
sponds to Q> 0.5 A1, a value rarely reached in actual
measurements. Third, the finite value of the radius of
gyration of the cross-section may induce an extra
decrease of I(Q) (equation (18)), thereby masking the
rod-type behaviour. In conclusion, the appearance of the
Kratky plot of a Kratky-Porod chain of finite section
depends on the relative values of b, L and R, and on the
explored Q-range.

Intensity scattered by a solution containing
several species

The previous section deals only with monodisperse
solutions. During protein unfolding, at least two species,
the native and the completely unfolded protein, are pre-
sent simultaneously in solution. Assuming the inter-
actions between particles to be negligible, ie. the
solution to be ideal, the total scattered intensity is the
weighted sum of the intensities scattered by the various
species:
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1Q.T) =3 AMDIKQ) 1)

The f; are the molar fractions of species i at a given
temperature and the [(Q) are the respective scattering
intensities. In fact, the I,(Q) also vary during the unfold-
ing process, since the contrast between proteins and sol-
vent is modified by the temperature-dependence of
water density. Hence, we may write:

Q. T) = c(T)K(T, vp,)Pi(Q) (22)

where P,(Q) is the form factor of species i (P,(0) = 1) and
K(T,0p,) is the contrast factor, given by equation (9) and
where the T dependence of the global protein concen-
tration (w/v) is made explicit.

If we suppose that the differences between the partial
specific volumes of each species are negligible, the con-
trast factor K(T,0p,) depends only on temperature and
equation (22) may be rewritten as:

IQT) ~~;imp.
10,T) ~ Zﬁ(T)R(Q) (23)

This equation can be put to use to determine the scat-
tering pattern of an unknown species together with the
fractional concentrations of all species in solution using a
least-squares fitting approach (see below). This requires
the availability of experimental scattering patterns
recorded as a function of temperature and their extrapol-
ation to the origin I(0,T). However, it is worth emphasiz-
ing that the derivation of equation (23) from the
equation (24) depends on two assumptions: the vari-
ations of the partial specific volume of the protein during
denaturation are negligible and the form factor P(Q)
(hence the shape) of the protein in a given state i does
not vary in the temperature range of interest. Conse-
quently, equation (23) will be valid only if the tempera-
ture range is narrow enough to ensure the constancy of
the local electron density contrast p(7) — p,, and thereby
the invariance of P/(Q). In the present work, equation
(23) has been used over a temperature range of only 12
deg. C. Note that this can become a sensitive issue in the
case of chemical denaturation, since p, depends on the
denaturing agent concentration in such a way that the
form factor of the protein in a given state might undergo
significant changes.

At low Q, the power expansion of the various terms
of equation (23) yields the following relation:

RY(T) =} _fi )R} 24

where R; is the radius of gyration of species i and Ry(T)
is the experimental apparent radius of gyration at a
given temperature T, determined from the experimental
form factor I(Q,T)/1(0,T). Equation (24) is valid under the
same assumptions as equation (23).

Isoscattering point

When the normalised experimental scattering intensi-
ties measured along an unfolding process do not present
a crossing-point common to all curves, the conclusion is
easily reached that there must be at least one intermedi-
ate state. Indeed, for a strictly two-state transition from a
native state, N, to an unfolded state, U, equation (23)

shows that the total form factor I(Q,T)/1(0,T) remains
independent of T at the values of Q where the form
factors of the native and unfolded states cross:

1(Qo, T)
100, T)

= (N(T) +fu(M)Pn(Qo) = Pn(Qo)  (25)

where Q, is a value of Q for which Py(Q) = Py(Q).

However, the absence of isoscattering point proves
the existence of intermediate species only when the nor-
malized intensities I(Q,T)/I(0,T) are considered. This
might not be true with the experimental scattering inten-
sities I(Q,T). In the case of a two-state transition, the total
scattering intensity becomes (from equation (22) and
hypothesis of equation (23)):

IQ, T) = «(MK(THPn(Q) + fu(T)(Pu(Q) — Pxn(Q))  (26)

The scattering intensities of the individual states are
necessarily measured at two different temperatures Ty
and Ty, lower and higher than the temperature range of
the transition, respectively. The equality observed at a
crossing point Q, between these two curves must be
written K(Ty)Pn(Qo) = K(Ty)Pu(Qp), which, combined
with equation (26) yields:

[(Qo. T) = o IK(T)P(Q) (1  fu(T) (% - 1)) @)

Since K(T) varies with temperature, so does I(Q,,T).
Therefore, in spite of the two-state character of the tran-
sition, the scattering intensities I(Q,T) do not present any
isoscattering point (this is accentuated even more in the
case of chemical unfolding, where the variation of the
contrast factor, K, with the concentration of the denatur-
ing agent is more pronounced).

The use of the form factors I(Q,T)/I(0,T) is therefore
an absolute prerequisite to relate the absence of isoscat-
tering point to the existence of intermediate states in a
meaningful way. In practice, it implies that I(0,T) should
be correctly derived from I(Q,T), using the appropriate
approximation for each curve (see Results).

We conclude this section by reminding the reader of
the twofold hypothesis of the quasi-invariance of the
specific volume and of the form factor of each species
formulated in the previous paragraph. In particular, the
absence of isoscattering point is meaningful only when a
limited range of temperature (respectively of concen-
tration of denaturing agent) is considered.

Singular value decomposition (SVD)

The SVD analysis is a very general method used to
determine the number of independent species dis-
tinguishable by a given experimental technique, here
SAXS, during a transition process, without prior knowl-
edge of the patterns of the individual species. First
applied to the analysis of SAXS patterns by Fowler
et al.®>%¢ it has since been used several times in SAXS-
monitored structural transitions and associations of bio-
logical macromolecules®”#® and unfolding processes in
particular.3¥46

The set of N background-corrected experimental
curves, of M channels each, are considered as the
elements of a matrix A(M x N). The kth column of this
matrix represents the scattering curve I(Q,T;) recorded at
the kth temperature T, and normalized by the intensity
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at zero angle I(0,T;). This matrix can be decomposed as
follows:

AM x N) =UM x N)w(N x N)B(N x N)  (28)

where the matrix U consists of N columns u;(Q), which
are the orthonormal basis vectors, the diagonal non-
negative matrix w contains the singular values w; of the
decomposition, arranged in decreasing order, and B con-
tains the normalized projections b of the kth experimen-
tal curve on the basis vector u;.

In order to increase the contribution of intensities in
the medium Q range, which contains a wealth of rel-
evant structural information, the SVD analysis was
applied to the so-called Kratky profiles Q*I(Q). Following
equation (28), each experimental pattern can be
expressed as:

N
QIQ, To) = Y wibjui(Q) (29)
j=1

In most experimental situations, only the first L terms
contribute significantly to the reconstruction of the
experimental scattering profiles in equation (29). The w;
(j > L), which have very small values while the corre-
sponding b? display random fluctuations around zero as
a function of k, only account for measuring noise. L rep-
resents the number of independent species distinguish-
able by SAXS during the transition or, in other words,
the minimum number of thermodynamic states involved
in the unfolding process.

The number L is determined by examining the evol-
ution with temperature of the projections b}‘ of the
experimental curves on the basis vector u;, the shape of
the basis vectors u;, and checked by calculating the fol-
lowin% x? value, normalised by the experimental error

bars o"(Q):

1 N
2 _
= (NM—1) k; 2

M @(Qi, Te) — Late p(Qi, T)?

where Qzlcak,p(Qi,Tk) is the best reconstruction of the kth
experimental curve Q2(Q;T,) using the first p com-
ponents in equation (29). L is the minimum value of p
for which Xﬁ < 1.

Let us underline the fact that the basis vectors u(Q)
are not the scattering curves of the L independent species
or thermodynamic states. The determination of the latter
curves, requires a second step using a parameterised
model for the fractional concentrations of the various
species, as described below.

Fitting procedure to determine the fractional
concentration of the species present in solution at
any temperature

When only three species are present in solution
throughout the unfolding process, i.e. L =3 (which is the
case in the present work, as indicated in Results), a
single intermediate is to be characterised. A procedure to
retrieve its scattering pattern has been proposed by the
group of Doniach.**** The following draws heavily on
their presentation, although a less constrained variant is
proposed, designated first minimisation procedure. The
three species correspond to three states of the protein,
native (N), intermediate (I) and unfolded (U), and are
characterised by their respective normalised scattering

functions I((Q), I(Q) and I(Q). In the particular case of
our experiment, I}(Q) and I;(Q) are known and corre-
spond to the experimental patterns at T =T, =61.6°C
and T=T,;=76.8°C, respectively. On the contrary,
I}(Q) is not known and its determination is expected to
result from the following fitting procedure.

Each experimental Kratky scattering profile, Q°I(Q,T}),
can be decomposed uniquely on the SVD basis set:

Q*(Q, Ty) = witiuy(Q) + wabsun(Q)

@1
+ wsbsus(Q)
where w,b%, w,b5 and w,b§ are the (known) projections
deduced from the SVD analysis. But it can be written as
the superposition of the profiles of the three species,
weighted by their (unknown) respective fractional
concentrations:

QI(Q. Ty) = Q*fIN(Q) + QA L(Q) + Q*fIu(Q)  (32)

where fX + ff + ff, = 1. The scattering curves of the
three independent species N, I and U may, in turn, be
themselves decomposed on the SVD basis set:

QINQ) = P ur(Q) + pPlua(Q) + P us(Q)
Q’L(Q) = piui(Q) + pyua(Q) + pius(Q) (33)
Q*Iu(Q) = pYui(Q) + pYua(Q) + pYus(Q)

where pY and pY are known but not the p}.

Due to the linear independence of the SVD basis vec-
tors, the decomposition of any scattering function on this
basis set is unique. Therefore, the combination of
equations (31) to (33) yields the relations that should be
verified between the fractional concentrations f%, f¥ and
£ and the projections pY, p¥ and p! on the one hand and
the SVD-derived projections wjbj-‘ on the other hand:

wibf = ) +fiv) +fipf forj=1,23 (34

Equation (34) is solved for the fractional concen-
trations f¥, f¥ and ff;, and the projections p!, p} and p} by
minimising the following *

=),

L
k=1 j=1

[, (b5 — b /(647 (35)
where wbf ... =f\p} +fip] + fipy are the projection
coefficients derived fi‘om equation (33).

The variances (csj’.‘)2 are derived from the experimental
variances %(Q,T}) by the relation:

M
()’ =) QIc*(Qi Tw(Q)’
i=1
To satisfy the summation condition ff + ff + f§ =1, the
species fractions are rewritten as:
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fi = .

N1+ exp(—ar) + exp(—by)

K exp(—ax)
fi = 1 + exp(—ax) + exp(—bx) (36)
fk _ exp(—by)

U

1+ exp(—ar) + exp(—bx)

The scattering pattern of the intermediate state I can
then be reconstructed by using equation (33).

In the first minimisation procedure, no external con-
straints are put on g, and b, in equation (36). The sum-
mation condition is the only constraint that the fractional
concentrations must satisfy. In this case, the solution to
the minimisation problem is not unique. Rather, a class
of solutions derivable by linear relationships can be
found. This point is developed now. Let us consider a
solution to the minimisation of equation (35), with II(Q)
being the pattern of the intermediate state and f¥, f%, f§,
the respective fractional concentrations. It is straight-
forward to show that the following pattern Ji(Q), com-
bmed with the following fractional concentrations gkN, <5,
¢%; yield the same right-hand side in equation (32) and
therefore constitute another possible solution:

Ji(Q) = an(Q) + BIu(Q) + (1 — o — P)I(Q)

8N fN flli

a—p
(37)
1

where o and [ are scalars. For this solution to be mini-
mally acceptable, the combination of o and B must be
such that the values of g&, ¢¥, ¢¥ are between 0 and 1,
and the patterns [(Q) take only non-negative values.
Given the latter restrictions, a set of possible solutions
can be inferred from any solution provided by the mini-
misation procedure of equation (35). The uniqueness of
the set of solutions derived in this way cannot be
demonstrated formally. However, the different solutions
provided by the minimisation algorithm with different
initial guesses of the adjustable parameters all look very
similar to representatives of the same set of linearly
related solutions associated with one of them. Therefore,
a single set of solutions is presented.

In the second minimisation procedure, originally
reported by Chen et al.** additional constraints are put
upon g, and by in equation (37), by considering thermo-
dynamic relations between the three structural states.
The free enthalpy differences between the native state
and both the intermediate and the fully unfolded states
can be written as a function of temperature:

AGNI(T) =
AGN-u(T) =

AHN_1(T) —
AHnou(T) —

TASN-1(T)

TASN-u(T) 49

This model assumes that the intermediate state is ther-
modynamically well defined. The fractional concen-
tration of each species is then determined by replacing a;
and b, in equation (36) by AGy_(Ty)/RT, and
AGn_u(Ty)/RT,, respectively. If the variation with
temperature of the respective differences in enthalpy and

entropy is neglected, only four parameters, AHy._,,
AHy_y, ASy_1 and ASy_ .y, remain adjustable in the
minimisation procedure, whatever the number of exper-
imental temperature values.
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Appendix

Critical Confrontation of Three Methods of
Calculation of the Apparent Radius of Gyration
of a Mixture of Native and Unfolded Protein

To evaluate accurately the average radius of
gyration of the protein as a function of temperature
during the unfolding transition, the most appropri-
ate analysis has to be chosen. Three approaches
can be considered; Guinier’s law, Debye’s formula
and the calculation of the distance distribution
function P(r) (see Materials and Methods of the
main text). Indeed, the simultaneous presence of
different states of the protein in the solution (com-
pact, unfolded and possibly partially unfolded)
makes this question not a straightforward one. To
clarify the issue, we use all three methods to calcu-
late the radius of gyration of synthetic scattering
patterns [,(Q), which are linear combinations
(coefficients 1 — f, fy) of the native (R, = Ry) and
the unfolded (R, = Ry) protein scattering curves,
thereby simulating a two-state transition between a

globular and an extended state. The comparison of
the obtained values with the true value given by
Rey = /(1 — fu)R} + fuR, then provides us with a
direct ‘assessment of the way each method per-
forms.

In the absence of interactions, the intensity is
given by the following expression:

Q) = (1 - f)IN(Q) + Fulu(Q) (A1)
where f; is the fraction of unfolded protein. I(Q)
is the experimental intensity scattered by the pro-
tein in its native conformation, I;(Q) is the inten-
sity scattered by the unfolded protein. The
synthetic intensity I, (Q) is calculated for different
values of f;. An apparent radius of gyration is then
extracted from the curves using either the Guinier
or the Debye approximation in the range
0.02 A"'<Q<0.055 A~". This angular range is
deemed reasonable, since, for a value of 26 A,
Qmax = 0.055 A~! corresponds to Q.xR, < 1.4. The
two estimates Rgyinier aNd Rpepye Of tﬁe average
radius of gyration and the true value of this par
ameter given by Ry = \/ (1 —fu)R% + fuR%
with Ry=140A and Ry =261 A, have been
determined for different values of f. Finally, the
P(r) function has been calculated for each curve
and the corresponding apparent radius of gyration,
Rp,, extracted. The results, which are presented in
Figure Al, call for several comments.

(1) Rpebye yields a slight underestimate of the
“true’” value, the difference being largest at the
centre of the transition, whilst Rgr consistently
underestimates the value of the average radius of

30 ——————— T
R,y
05 - * RDebye 4
o~ RGulnlar
< °
[}
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Figure Al. Determination of the apparent radius of
gyration of a mixture of native and fully unfolded pro-
tein using three methods. Open circles, Guinier’s law;
filled circles, Debye’s formula; crosses in square, dis-
tance distribution function. Continuous line, “‘true”

VA —fORR +fuRy 0
determination for the native protein Ry =14 A and the
Debye value for the unfolded protein Ry =26.1 A (see
the text for details).

value Ry = using the Guinier
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gyration, the discrepancy increasing with the pro-
portion of unfolded protein present in the solution.
Of course, Guinier’s law still holds true for an
extended chain, but its range of validity is
restricted to such small-angles as being essentially
out of experimental reach. This is due to the exist-
ence of very large distances between two foints of
the unfolded protein which makes the Q* term in
the power expansion of I(Q) contribute signifi-
cantly even at low Q value, thereby reducing the
range of validity of the Guinier approximation.
Conversely, applying Debye’s formula over a
range larger than Q,,,.R, <1.4 would lead to an
increasing discrepancy between the resulting esti-
mate of the radius of gyration and its actual value.
It is interesting that Rp, is practically identical
with the true value, with the exception of the first
two points, at the onset of the transition, where its
value strongly underestimates the actual value of
R,. The marked discrepancy observed for
01 <fy <02 is due to the presence of large,
unfolded particles in small amount. The distri-
bution of these large vectors involves the determi-
nation of a number of Fourier coefficients, which is
made difficult by the weak contribution of these
vectors to the scattered intensity. Indeed, if the
value of D,,,, found for the P(r) of the unfolded
protein (fiy =1), D = 106 A, is used in the calcu-
lation of the P(r) of the curves with 0.1 < fi; < 0.2,
as it should be, the shape of the P(r) display strong
fluctuations at the higher values of r. The effective
values of D,,,, below which no such fluctuations
appear are actually 50 A and 60 A for f; = 0.1 and
fu=0.2, respectively. Even for f; = 0.3, where Rp,
is very close to the true value of R,, the value of
the apparent D, ,, is found to be 91 A, not 106 A.
One should therefore be very careful with the sig-
nificance attributed to the “experimental” values of
Dmax'
(ii) The variation of the apparent R, with f;
appears to be essentially linear when using either
Guinier’s law or Debye’s formula, while it is well
known that the average value of R, is the quad-

ratic mean of the R; of the two mixed species
weighted by their respective fractional concen-
tration. This simply proves that none of the two
laws is adequate to provide the exact value of the
true R, (i.e. the quadratic mean), though for differ-
ent reasons. For Guinier’s law, the problem is not
theoretical (the linear combination of two Gaussian
curves will yield the proper average) but exper-
imental (the region of validity of the approxi-
mation when unfolded protein is present is
essentially hidden behind the beam-stop, and thus
not accessible). For Debye’s formula, the difficulty
is mathematical, since the linear combination of
two “Debye profiles” does not directly yield the
appropriate combination of radii of gyration.
Finally, Rp, does follow the proper evolution with
fu not only theoretically, as recently underlined by
Fang et al.,** but also practically, since its value is
very close to the actual value with the exception of
the low values of f;; already mentioned.

Some practical conclusions can thus be drawn
from our simple calculations. The derivation of R,
from the P(r) is to be preferred to extract the aver-
age radius of gyration from a mixture of native
and unfolded proteins, but it is unreliable at the
onset of the transition. In this range, it is best sup-
plemented by Debye’s formula, which consistently
yields better results than Guinier’s law, provided
the fitting range is restricted enough (QnaxR, < 1.4).
The maximum value between Rp, and
should be chosen in any case.

Let us emphasise again that in the case of a two-
state transition, the value of the apparent R,
derived from either Guinier’s or Debye’s formula
presents an essentially linear variation with the
fraction of unfolded protein instead of the expected
parabolic dependence. This variation must thus be
considered with extreme caution, as well as its use
to derive thermodynamic parameters. If intermedi-
ate species are detected, the variation of the appar-
ent R, with f; will be even more difficult to relate
to the actual transition.

RDebye
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